with increased genomic instability that is independent of PSA, T stage, and Gleason score (Bowen et al. 2000; Asatiani et al. 2005; Kindich et al. 2005; Bethel et al. 2006; Locke et al. 2012) . Using array comparative genomic hybridization (aCGH) on biopsy specimens from men with intermediaterisk PCa treated by radiation therapy, we previously showed that NKX3.1 allelic loss was also associated with early biochemical recurrence in men treated by precision radiotherapy or radical prostatectomy .
Amplification at 8q24, harboring the MYC oncogene, is one of the most common chromosomal abnormalities in PCa progression. MYC regulates a myriad of genes controlling cell proliferation, metabolism, differentiation, and apoptosis (Gurel et al. 2008) . Several groups correlated 8q gain, MYC gain, and MYC messenger RNA levels with aggressive disease, early disease progression, and early cancer death (van Duin et al. 2005; Sato et al. 2006; Lapointe et al. 2007; Ishkanian et al. 2009; Ishkanian et al. 2010; Locke et al. 2012; Zafarana et al. 2012) .
Importantly, preclinical models have supported a unique cooperation between MYC overexpression and NKX3.1 allelic loss in driving prostate cancer progression and aggression (Kim et al. 2007; Iwata et al. 2010; Anderson et al. 2012) . We also demonstrated that such interplay was of clinical significance, as in our aCGH cohort, the presence of NKX3.1 allelic loss in combination with MYC amplification was associated with earlier biochemical recurrence than either allelic change alone .
We therefore expect that the assessment of both MYC gain and NKX3.1 deletion would be very relevant to clinical care of men with PCa by identifying patients with more aggressive disease. To be used in routine clinical care, detection of these alterations has to be easily achieved in a standard molecular pathology laboratory. For these reasons, we decided to develop a high-efficiency fluorescence in situ hybridization (FISH) technique to detect both NKX3.1 loss and MYC amplification in diagnostic samples such as needle biopsies. As FISH can be performed on slides from formalin-fixed, paraffin-embedded (FFPE) tissue, it is a very useful adjunct to histopathological diagnosis. Further interest for the development of the technique comes from its in situ nature that allows for specific analysis of the cells of interest. This is especially true in PCa, with its characteristic intermingling of benign and malignant glands. On the other hand, truncation artifact, associated complexity in positive threshold determination, and difficult histological interpretation of the usual 4′,6-diamidino-2-phenylindole (DAPI) counterstain may limit reliable FISH interpretation.
Briefly, our 4FISH-IF (a dual-gene FISH combined with immunofluorescence assay) contains four FISH probes, two being used as controls (complementary to chromosome 8 centromere and 8p telomere) and two targeting NKX3.1 (8p21) and MYC (8q24), as well as an antibody targeting the basal cell marker p63 visualized by immunofluorescence (IF). This combination addresses most drawbacks associated with the use of FISH in PCa FFPE specimens. As such, this simple yet efficient combination makes the 4FISH-IF a very powerful technique that can be performed in a standard molecular pathology laboratory on clinical diagnostic biopsy specimens.
Materials and Methods

Probes Selection, Testing, and Optimization
Bacterial artificial chromosomes (BACs) corresponding to 8p telomere and 8p21 were identified using the UCSC Genome browser (http://genome.ucsc.edu/) and ordered from the BACPAC Resources Center (Oakland, CA). Chromosome 8 centromere (CEP8) was visualized using a commercial probe (Vysis CEP 8 SpectrumAqua Probe, 06J54-018; Abbott Molecular, Markham, Canada). The 8p telomere and CEP8 were selected according to the smallest region of deletion as observed in our aCGH cohort . The 8p21 BAC (NKX3.1) covered the region that was deleted in the tumors with an allelic loss. The flanking 8p telomere BAC and CEP8 covered regions that were intact in the vast majority of tumors with 8p21 allelic loss. Both the CEP8 and the 8p telomere were the references for 8p21 deletion (flanking gene approach) (Sircar et al. 2009 ). The MYC (8q24) gene was visualized using a commercial probe (Vysis LSI MYC SpectrumGold probe, 04N35-020; Abbott Molecular).
Selected BACs were labeled with green (02N32-050; Abbott Molecular) and red (02N34-050; Abbott Molecular) dUTPs using the nick translation kit (07J00-001; Abbott Molecular) according to the manufacturer's instructions. The optimal labeling conditions for each BAC were determined by testing the length of the labeled probes on agarose gels. After nick translation and before ethanol precipitation, 10 µg of human COT-1 DNA (06J31-001, 1 µg/µl; Abbott Molecular) was added to each microgram of labeled BAC. Precipitated DNA was resuspended in hybridization buffer (06J67-001; Abbott Molecular) diluted in deionized water (7:10) to a final concentration of 1:10 (w/v).
To determine the specificity of our BAC probes, we hybridized them to a chromosome spread obtained from the peripheral blood lymphocytes collected from a healthy man. The sensitivity of our assay was determined by hybridization of the BAC probes to interphase blood lymphocytes collected from five healthy donors (5-pooled blood). For both specificity and sensitivity assays, the sample slides were processed as follows. Slides were incubated in the oven at 60C for 1 hr, then incubated in 2× saline-sodium citrate (SSC) at 37C for 30 min and finally dehydrated in graded alcohols. Following dehydration, 2.5 µl of a probe mix (each probe, 50 ng; human COT-1 DNA, 2 µg; hybridization buffer, 6 µl; deionized water, 1 µl) was co-denatured in a Thermobrite apparatus (Abbott Molecular) at 75C for 1 min. The hybridization was carried out overnight at 37C. Slides were then washed in 0.4× SSC/0.3% IGEPAL at 72C for 2 min and in 2× SSC/0.1% IGEPAL at room temperature for 30 sec, air dried, counterstained with DAPI, and mounted in an aqueous mounting medium (H-1000; Vector Laboratories, Burlington, Canada). Two independent readers (DT, CLH) verified the position of the signals in five metaphases on the chromosome spread and counted the number of signals in 250 interphase cells on the 5-pooled blood.
FISH Procedure
The FISH protocol was optimized for FFPE sections of clinical samples. After deparaffinization in xylene, pretreatment (see below), and dehydration in graded alcohols, the sample slides were co-denatured with the probe mix in the Thermobrite apparatus at 75C for 10 min. The hybridization was carried out for 18 hr at 37C. The slides were then washed in 0.4× SSC/0.3% IGEPAL at 69C for 2 min and in 2× SSC/0.1% IGEPAL at room temperature for 1 min.
Immunofluorescence Procedure Testing and Optimization
Immunofluorescence was performed using an antibody targeting p63, a marker of the basal cells lining the non-malignant glands in prostatic tissue. With this antibody, it is possible to easily and reliably exclude benign glands from the FISH analysis.
The IF protocol was optimized for FFPE sections of clinical samples. All incubations were performed at room temperature and all reagents were rinsed with 1× phosphatebuffered saline when incubation time was over. Deparaffinization in xylene was followed by rehydration in graded alcohols and blocking with normal horse serum (S-2000, 1/10 dilution in 0.05 M Tris-buffered saline [TBS] [pH 7.4-7.6] with 0.5% casein, 0.05% thimerosal, 2.5:1000 Tween-80, and 2.25:1000 Triton X-100 [antibody diluting buffer, ADB]; Vector Laboratories) for 10 min. The slides were then incubated with the p63 antibody (clone 4A4, SC-8431, 1/200 to 1/100 dilutions in ADB with 3% bovine serum albumin; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 to 2 hr. Slides were finally incubated with a secondary antibody labeled with Alexa Fluor 488 (A-11029, 1/100 dilution in ADB; Life Technologies, Burlington, Canada) for 1 hr.
Alternatively, an alkaline phosphatase system was used to reveal the antibody-antigen reaction. All incubations were performed at room temperature, and all reagents were rinsed with 1× TBS when incubation time was over. After serum blocking, the slides were incubated with the p63 antibody (1/1000 to 1/100 dilutions in ADB with 3% bovine serum albumin) for 30 min to 1 hr. The slides were further incubated with a biotinylated horse anti-mouse IgG antibody (BA-2001, 1/100 dilution in ADB; Vector Laboratories) for 30 min, followed by an incubation with streptavidin, alkaline phosphatase conjugated (SA-5100, 1/100 dilution in ABD; Vector Laboratories) for 30 min. Vector Red alkaline phosphatase substrate (SK-5100, prepared according to the manufacturer's instructions with 0.1% Triton-X, with or without levamisole solution [SP-5000]; Vector Laboratories) was finally added to the slides for 5 to 15 min.
Test Chronology and Pretreatment Conditions, Testing, and Optimization
Regular pretreatment conditions for immunohistochemistry and FISH were tested with both FISH and IF (Table 1) to identify the best condition(s) for both techniques. After submitting the slides to the optimal pretreatment, FISH was performed either after or before IF, following the protocols as described above. When FISH was performed after Alexa Fluor 488-revealed IF, slides were also incubated in 10% neutral-buffered formalin at room temperature for 0 to 30 min and in deionized water at room temperature for 10 min between IF and FISH (Krenacs et al. 2010) . Slides were then dehydrated in graded ethanols and submitted to FISH.
All slides were counterstained with DAPI and mounted in aqueous mounting medium (H-1000; Vector Laboratories).
4FISH-IF Final Conditions
Paraffin sections were incubated in the oven at 60C overnight, deparaffinized in xylene, and hydrated in graded alcohols. Slides were incubated in sodium citrate 10 mM (pH 6.0) at 120C for 10 min, then at 90C for 5 min. Slides were cooled down in deionized water. IF was performed at room temperature, and all reagents were rinsed with 1× TBS when incubation time was over. Briefly, the slides 
Normal Thresholds Determination
Ten non-neoplastic areas were selected from pT3 PCa cases and embedded in a tissue microarray (TMA). 4FISH-IF was performed on two different sections of the TMA as a technical replicate, and five cases were evaluated on each section as a biological replicate. Assessed cells were from glands with p63-positive basal cells but were themselves negative for p63 (luminal cells). They had non-overlapping nuclei with at least two 8p telomere and two chromosome 8 signals (4 control signals). Proportions of cells with less than two copies of NKX3.1 and more than two copies of MYC in the normal cells were calculated and the 99% confidence intervals for NKX3.1, and MYC proportions were calculated using the exact binomial method. A wider confidence interval was chosen to guard against a high false-positive rate due to the cell truncation artifact secondary to the use of FFPE sections. Normal thresholds were defined as the upper limit of the confidence intervals as calculated using cases from both sections of the TMA. To compare cases from both sections of the TMA, we calculated the proportion of cases with less than two copies of NKX3.1 and the proportion of cases with more than two copies of MYC for each patient and then used a two-sided independent Mann-Whitney test to compare whether the average proportion among the first section was significantly different from that in the second section. A two-sided p value of less than 0.05 was used to assess statistical significance.
Patients
Patients were identified from the laboratory information system (Copath) of the University Health Network, Toronto, Canada. We selected five consecutive patients who were diagnosed with bilateral intermediate-risk prostate cancer (according to D'Amico et al. 2001 ) and treated by radical prostatectomy in our institution between March 2011 and 2012. Cores with cancer from left and right sides were selected for each patient (two blocks/patient). To corroborate the clonality of tumors (Barry et al. 2007 ), selected blocks were stained with ERG antibody as previously described (Kron et al. 2012) . The global extent of tumor involvement and Gleason scores were obtained from the pathology report.
Scoring
In each tumor focus, we aimed to assess 60 cells. Assessed cells were from glands without p63-positive basal cells and had non-overlapping nuclei with at least two 8p telomere and two chromosome 8 signals (4 control signals). The average number of chromosome 8, 8p21 (NKX3.1), and 8q24 (MYC) was counted for each scored focus.
Results
Probes
Optimal labeled probe size was of approximately 450 kb (data not shown). A specific BAC or commercial probe was found for each of the target loci of chromosome 8 (8p telomere, centromere, 8q24, and 8p21) ( Fig. 1) . A mean (SD) of 1.96 to 1.99 (0.17-0.24) signals/BAC/cell were counted on the 5-pooled blood slide. Table 2 summarizes the obtained FISH and IF results with the different pretreatment conditions. The only condition that led to signals from both IF and FISH was overnight incubation of the slides at 60C, followed by deparaffinization and incubation in sodium citrate 10 mM (pH 6.0) at 120C for 10 min and then at 90C for 5 min. These conditions were further used in the testing of combined FISH and IF. Table 3 shows a summary of the tested conditions. We first determined if FISH should be performed before or after IF. FISH followed by IF led to good FISH signals but no IF signals. When Alexa Fluor 488-revealed IF was performed before FISH, observed IF and FISH signals were strong. In those conditions, however, cells were underdigested and led to a low level of adequate cells for FISH evaluation. Treating the cells with pepsin between IF and FISH led to good FISH signals in nuclei with appropriate digestion but clearly decreased IF signals. Incubation in 10% neutral buffered formalin before the pepsin treatment only slightly increased the quality of IF signals and did not modify the quality of FISH signals. Despite being feasible, this combination (Alexa Fluor 488-IF, formalin incubation, pepsin treatment, FISH) was not believed to be clinically applicable.
FISH, Immunofluorescence, and Pretreatment Conditions Testing and Optimization
To address the variable IF signals, we used an alkaline phosphatase method to reveal the antibody-antigen reaction (Speel et al. 1992; Speel et al. 1994) . When performed before pepsin treatment and FISH, adequate IF signals were obtained but with high background levels. Addition of levamisole to the alkaline phosphatase substrate did not modify the background level. Different antibody concentrations, incubation times, and revelation times were tested to optimize the staining. Of note, in the cases with high background, incubation of the slides in 100% ethanol at room temperature for about 5 min decreased the background level without affecting the readability of the 4FISH-IF signals. This incubation step, when performed, has to be adjusted to the background level because the IF signals will eventually decrease to a low intensity, preventing its interpretation.
4FISH-IF
The optimized 4FISH-IF conditions led to stable IF and FISH signals with good reproducibility. As such, p63-positive basal cells were clearly identifiable both at low and high power, making the identification of tumor foci easier (Fig. 2) . Benign basal cells were used as internal controls for p63 staining. The IF was visible both in the gold and in the Texas Red filter sets, with signals being large, granular, and highly resistant to bleaching. The evaluation of FISH signals in malignant cells was not affected by the presence of the IF signals in the benign glands. When nuclear digestion was not optimal, further treatment in 0.01 N HCl 37C for 2 min and then in pepsin (75,000 U/ml, 1/100 dilution in 0.01 N HCl) at 37C for 1 to 3 min before rehybridization did not impair IF signals.
Normal Thresholds
Overall, 1147 cells were evaluated from 10 cases. Of these, 440 cells had non-overlapping nuclei and at least two 8p telomere and two chromosome 8 signals (4 control signals). Cases evaluated from the two sections of the TMA were not significantly different (p>0.05). According to the 99% confidence intervals, >20.4% of cells with less than two copies of NKX3.1 were consistent with NKX3.1 deletion and >2.5% of cells with more than two copies of MYC were consistent with MYC amplification (Table 4) .
Patients
Five men treated in our institution for intermediate-risk bilateral PCa were selected. All men had clinical T1c PCa with pretreatment PSA ranging from 4.7 to 15.37 ng/ml (mean, 9.2 ng/ml). Gleason score was 7 (3 + 4) for the five biopsy specimens. The minimum percentage of tissue involved in selected specimens was 5%, as stated in the diagnostic report. ERG immunohistochemistry was positive in three biopsy specimens and negative in one, and both positive and negative foci were found in the last one (Table 5 ).
4FISH-IF
Overall, 10 biopsy blocks were submitted to 4FISH-IF. At both low and high power, IF allowed for easy identification to the fluorescence in both channels, thick arrow) surrounding benign luminal cells with two signals of each probe (thin arrow) and p63-negative cancer cells (arrowhead) with more variable number if signals were due to truncation artifact and NKX3.1 deletion. FISH probes for 8p telomere, 8p centromere, NKX3.1, and MYC are shown in green, aqua, red, and gold, respectively. SpectrumAqua, FITC, Texas Red, SpectrumGold, and DAPI channels are shown after thresholding adjustments. Scale bar: 4.5 µm. Results of the evaluation of 10 normal prostatic tissues from 2 tissue microarray (TMA) sections are shown.
of tumor foci and of intermingled benign glands (Fig. 2) . In tumor foci, three major patterns were identified: cells with two copies of NKX3.1, cells with one copy of NKX3.1 (Fig. 3A) , and cells with three to five 8q24 copies and a variable number of CEP8 and telomere 8 signals (Fig. 3B) . In some cases, more than one pattern could be observed in the same tissue. Characteristics of the selected cases and corresponding 4FISH-IF results are shown in Table 5 .
Discussion
Herein, we report a 4FISH-IF protocol to determine both NKX3.1 and MYC status in the same diagnostic biopsy slide. This assay can be done in a standard molecular pathology laboratory. To our knowledge, this is the first description of a technique combining FISH to detect two genetic alterations in the same cell with IF, developed to be performed in situ on diagnostic FFPE tissues for use in standard clinical molecular pathology laboratories.
The assessment of two genes in the same cell may have important biological and clinical importance in PCa. Preclinical models and clinical data suggest that NKX3.1 allelic loss contributes to MYC overexpression, driving prostate cancer progression and aggression (Kim et al. 2007; Iwata et al. 2010; Anderson et al. 2012; Locke et al. 2012) . As such, the capacity to assess those genetic alterations in one cell and in cell groups in human PCa might bring some new insights into PCa biology.
Also, this dual-gene FISH will allow for a thorough investigation of the multifocality in PCa, a phenomenon observed in more than 60% of PCa (Barry et al. 2007; Mehra et al. 2007) . We here show that assessment of individual tumor foci could be of clinical significance, as some cases clearly showed heterogeneity not only in ERG status but also in NKX3.1 status. The 4FISH-IF will allow us to conduct cohort studies with very specific knowledge of NKX3.1 and MYC status for each patient. As more and more focal therapies are being introduced, the identification of the clinically significant clone(s) will become critical in the good clinical care of men with PCa.
The in situ nature of the 4FISH-IF is especially relevant to the characteristic PCa histomorphology. As a PCa focus can be very small on a biopsy specimen (less than 400 µm in diameter), it is not possible to perform confidently any molecular testing using a 50-µm-thick section as routinely done to perform PCR testing on clinical samples, for example. Both the DAPI counterstain and the very high power at which FISH must be read decrease the capacity of recognizing malignant glands. As PCa glands are typically intermingled with benign glands (Epstein et al. 2005 ), a major concern with every PCa FISH testing is the reliability of the results. Combining FISH with IF for p63-a marker of the basal cells surrounding benign glands-increases the reliability of FISH in PCa, allowing the reader to exclude benign glands from the analysis. As p63-positive basal cells are absent in prostate cancer, this does not interfere with FISH readings. This approach favors including false-negative benign glands in the analysis (e.g., adenosis)-which is already likely to happen in a standard FISH experiment-over the risk of excluding cancer cells. Optimally, we could have chosen a marker that is present in PCa cells and not in benign glands. As of today, there is only one PCa cell-"specific" marker, the p504s or AMACR. This marker can be negative in as much as 20% of the cancer cases and can be positive in benign and pre-neoplastic glands (Brimo and Epstein 2012) . Those caveats, added to the fact that the cytoplasmic positivity in prostate cancer cells will interfere with FISH interpretation, prompted us to eliminate this choice. Other markers such as cytokeratins and PSA are positive in both benign and malignant prostate cells and could not be used.
From a technical perspective, we confirmed the importance of adequate controls to interpret correctly the assessed alterations. In our view, two copies of NKX3.1 with three copies of CEP8 and MYC can lead to the understanding that NKX3.1 is normal while there is an amplification of the chromosome 8 from centromere to 8q. Inclusion of the 8p telomere probe led to an improved understanding. For example, in case 5, we can acknowledge that most cells harbor three copies of chromosome 8, one of which shows a deletion of 8p21. The biological significance of such a phenomenon is still to be understood, both regarding NKX3.1 haploinsufficiency and MYC amplification in the context of chromosome 8 polysomy. On the other hand, two drawbacks of scoring only cells with the required two controls situated on the p arm of the chromosome 8 to assess NKX3.1 deletion are the possibility of (1) underestimating the number of 8q24 copies and (2) missing a chromosome 8 monosomy.
Last, the overall procedure adds approximately 2 hr to the standard FISH procedure. The pretreatments used and the IF procedures are usually well mastered in regular pathology laboratories. In our environment, the quality of the 4FISH-IF is easily reproducible. Through our technique optimization, we also showed that potential quality issues can be easily corrected without impairing the final reading of the slides. In a clinical scenario in which diagnostic tissue is scarce, this can be crucial. We also observed subjectively that the 4FISH-IF is associated with a decrease in the analytical time compared with traditional 4FISH. As such, we believe the implementation of the 4FISH-IF in other laboratories, including clinical laboratories, can be done without requiring extensive modification to the existing protocols.
We believe the concepts underlying the 4FISH-IF will be of great importance, not only in PCa but also in other contexts. HER2 amplification could be easily targeted with combined FISH and IF in breast and stomach cancers. CD20 and cytokeratins could be used to make sure the diagnostic and prognostic alterations are assessed in melanoma cells (Moore and Gasparini 2011), not in lymphocytes or keratinocytes. Deep sequencing data will reveal more and more genetic signatures of clinical importance, and we want to assess as much information as possible in the target cells. As identification of significant genetic alterations is already becoming a major companion to histopathological diagnosis, we believe the 4FISH-IF technique will aid in acquiring new relevant data both for the science and for the patients. in which a cell with two chromosome 8 centromeres (aqua), two chromosome 8p telomeres (green), two 8q24 loci (MYC, gold), and one 8p21 locus (NKX3.1, red) can be seen. SpectrumAqua, FITC, Texas Red, SpectrumGold, and DAPI channels are shown after thresholds adjustments. Scale bar: 2 µm. (B) A high-power view of a case with both NKX3.1 deletion (left) and MYC amplification (right). The cell on the right has three chromosome 8 centromeres (aqua), four chromosome 8p telomeres (green), three 8q24 loci (MYC, gold), and two 8p21 loci (NKX3.1, red). SpectrumAqua, FITC, Texas Red, SpectrumGold, and DAPI channels are shown after thresholds adjustments. Scale bar: 2.0 µm.
